Early and appropriate blood culture sampling is recommended as a standard of care for patients with suspected bloodstream infections (BSI) but is rarely taken into account when quality indicators for BSI are evaluated. To date, sampling of about 100 to 200 blood culture sets per 1,000 patient-days is recommended as the target range for blood culture rates. However, the empirical basis of this recommendation is not clear. The aim of the current study was to analyze the association between blood culture rates and observed BSI rates and to derive a reference threshold for blood culture rates in intensive care units (ICUs). This study is based on data from 223 ICUs taking part in the German hospital infection surveillance system. We applied locally weighted regression and segmented Poisson regression to assess the association between blood culture rates and BSI rates. Below 80 to 90 blood culture sets per 1,000 patient-days, observed BSI rates increased with increasing blood culture rates, while there was no further increase above this threshold. Segmented Poisson regression located the threshold at 87 (95% confidence interval, 54 to 120) blood culture sets per 1,000 patient-days. Only one-third of the investigated ICUs displayed blood culture rates above this threshold. We provided empirical justification for a blood culture target threshold in ICUs. In the majority of the studied ICUs, blood culture sampling rates were below this threshold. This suggests that a substantial fraction of BSI cases might remain undetected; reporting observed BSI rates as a quality indicator without sufficiently high blood culture rates might be misleading.
W
ith an incidence of 100/100,000 patient-days at risk and with a case fatality rate of 20 to 50%, bloodstream infections (BSI) are a major cause of morbidity and mortality worldwide (1, 2) . Identification of the causal pathogen allows a targeted and shortened antibiotic treatment and is thereby associated with reduced case fatality rates (3, 4) and a lower risk for development of antibiotic resistance (5) . Thus, blood culture sampling is the most important diagnostic test for bloodstream infections, as it is the only tool that gives reliable information about the causative pathogen and its resistance profile (6) . Knowledge about blood culture sampling rates, however, is also important for the interpretation of quality indicators for nosocomial infections, as those quality indicators (e.g., primary BSI rates) give valid estimates only if a sufficient number of blood cultures is taken. Nevertheless, this is only rarely taken into account when primary BSI rates are reported and interpreted.
Recommendations for target blood culture rates have been published in microbiological guidelines. In the United States, the Cumitech guideline recommends 103 to 188 blood culture sets per 1,000 patient-days, referring to a web-based U.S. forum in 1999 (7) . However, the relevant discussion in this forum is no longer available and could not be reconstructed by the facilitators of the forum. The German Mikrobiologisch-Infektiologische Qualitätsstandards (MIQ) guideline gives a reference range of 100 to 200 blood culture sets per 1,000 patient-days, referring directly to the U.S. guideline (8) . The guidelines do not provide empirical justification for the recommended values; these are apparently based on expert consensus rather than formal evidence. From a technical perspective, it seems a fair assumption that there is a range in which blood culture rates are too low for detecting most cases.
A potential way of deriving a target range for blood culture rates is to define a threshold above which blood culture sampling rates are sufficiently high to detect most BSI cases while a further increase of blood culture rates does not result in an increase of BSI rates. This threshold can then be used as a process indicator for quality management purposes. Therefore, our aim was to assess the form of the association between blood culture rates and BSI rates in order to derive a reference range for blood culture rates in intensive care units (ICUs).
MATERIALS AND METHODS
We used data from 223 German ICUs participating in the German hospital infection surveillance system (KISS). KISS is a voluntary network of German ICUs that collects a variety of data related to health care-associated infections (9) . Within KISS, institution-specific characteristics as well as BSI rates are available for each calendar year. BSI is defined according to the criteria for laboratory-confirmed BSI proposed by the Centers for Disease Control and Prevention (Atlanta, GA, USA). To fulfil these criteria, (i) the patient (older than 12 months of age) must have a recognized pathogen cultured from one or more blood cultures, and the organism cultured from blood must not be related to an infection at another site, or (ii) the patient must have at least one of fever (Ͼ38°C), chills, or hypotension, and positive laboratory results which are not related to an infection at another site, and a common skin contaminant (i.e., diphtheroids [ and used data on BSI rates from both years in order to improve precision in BSI rates, as the number of BSI cases was low in many of the participating institutions. As KISS collects data on primary BSI cases only, no information on secondary BSI was available. Thus, numerators of BSI rates in this study consist only of primary BSI cases, resulting in rates lower than those reported in the literature when primary and secondary BSI cases were included. The data used for this study were derived from the data collection used by Gastmeier et al. (11) but were supplemented for the current analysis with information for BSI rates in 2007 as well as with additional covariates.
BSI rates were defined as the number of BSI cases (including those with CNS) divided by patient-days at risk. Rates of nosocomial infections recorded in KISS have been shown to give a reliable estimate of true nosocomial infection rates in the participating ICUs (12) . Blood culture rates were defined as the number of blood culture sets taken in the ICU divided by the number of patient-days at risk.
In the first step, in order to identify the form of association between blood culture rates and BSI rates, locally weighted regression (a nonparametric regression method that is purely based on the data and does not make assumptions about the underlying distribution) was performed using the R package "gam" (13) . In the second step, a segmented Poisson regression model with two linear segments (representing two different regression equations applied to distinct ranges of blood culture rates) was used to identify the threshold for blood culture rates above which no further increase in BSI rates could be observed. This was done using the R package "segmented" (14) . All analyses were performed in a univariable way. A sensitivity analysis was conducted excluding BSI cases with CNS from the numerator when BSI rates were calculated. In another sensitivity analysis, we replaced the outcome variable BSI rate with the central-lineassociated bloodstream infection (CLABSI) rate (calculated as the number of catheter-related BSI cases divided by the number of central-linedays at risk) in order to (i) investigate if our findings remain stable when we split BSI cases into catheter-related and catheter-unrelated ones and (ii) account for differences in a priori risks for BSI between the participating ICUs due to differences in central-line rates. Moreover, we analyzed data for 2006 and 2007 separately in order to check if combining BSI rates from both years might have affected the results of this study.
In the last step, ICUs below the identified threshold for blood culture rates were compared to those above the threshold with respect to institutional characteristics. Chi-square tests were used for categorical variables and Wilcoxon rank sum tests for continuous variables.
KISS is based on anonymous surveillance data which are reported from German hospitals to the National Reference Centre of the Surveillance of Nosocomial Infections as part of an official mandatory reporting process (German Protection against Infection Act, Infektionsschutzgesetz §23). These data are available for secondary analyses. Ethics approval and informed consent were thus not necessary for this study.
RESULTS
In total, data from 223 German ICUs (representative of the German health care system [12] ) were analyzed for this study ( Locally weighted regression showed an increase in observed BSI rates with increasing blood culture rates until a plateau was reached (Fig. 1A) . Segmented regression with two linear segments localized the breaking point at 87 (95% CI, 55 to 120) blood culture sets per 1,000 patient-days. The first segment showed an increase in observed BSI rates with increasing blood culture rates. In the second segment, the slope was substantially smaller and not significantly different from zero (Fig. 1B) . A sensitivity analysis excluding CNS BSI cases produced virtually unchanged results. In the sensitivity analysis based on observed CLABSI rates instead of observed BSI rates, the threshold was estimated as slightly lower, at 83 (95% CI, 53 to 114) blood culture sets per 1,000 patient-days. Analyzing data for 2006 and 2007 separately gave threshold estimates similar to those from the main analyses (with, however, wider confidence intervals).
Nearly two thirds (65%, n ϭ 145) of the ICUs in this study showed blood culture rates below the proposed threshold. These ICUs were more likely to represent interdisciplinary ICUs in smaller, nonacademic hospitals with a remote microbiology lab and a high proportion of short-stay patients (Table 1) . Ventilation rates and central-line rates were lower in ICUs below the threshold.
DISCUSSION
Using data from a large surveillance study in German ICUs, we demonstrated that below a specific threshold of blood culture rates, observed BSI rates increase with higher blood culture rates. Above this threshold further increase of blood culture rates does not increase the number of observed BSI cases. These results suggest that the identified threshold represents the lower boundary for a recommended target range for blood culture rates that can be used for quality management purposes. Since there is no substantial gain in detection of BSI cases when blood culture rates are increased further, the rationale of cost reduction would suggest the upper boundary of a target range to be only slightly above this threshold.
The identified threshold of 87 blood culture sets per 1,000 patient-days at risk was quite close to the lower boundaries of previous recommendations of 100 to 200 and 103 to 188 blood culture sets per 1,000 patient-days at risk.
Our study has implications for both the assessment of quality of patient care in ICUs and the interpretation of established quality indicators in the context of health care-associated infections. With respect to the former, blood culture sampling rates below the proposed threshold are likely to be associated with a lower quality of individual patient care and might represent a problem either in the indication or in the correct performance of blood culture sampling. With respect to the latter, the clear implication of this study is that quality indicators based on observed BSI rates are meaningful only when blood culture sampling rates are sufficiently high (i.e., above the proposed threshold); thus, achieving target blood culture rates is a prerequisite for quality control. In Germany, a median of 60 blood culture sets per 1,000 patient-days has been reported for ICUs (11) . This indicates that traditional quality indicators in these institutions (such as BSI or CLABSI rates) are likely to be biased and in fact might not be suitable as quality indicators. There is a danger that mandatory and public reporting of these established quality indicators for health care-associated infections will serve as an incentive for reduced blood culture sampling rates and will finally result in an underreporting of BSI rates ("no screening, no health care-associated infections, no punishment") (15, 16) . This problem has recently been recognized and has led to a debate about the potential of surveillance bias associated with mandatory reporting of health care-associated infections (17) (18) (19) . Thus, the results of this study underline the potential problems and limitations associated with mandatory and public reporting of established quality indicators for health careassociated infections (20) . Sufficiently high blood culture sampling rates as well as preanalytic quality control (sample withdrawal techniques and transport times) should be established as a precondition for quality assurance in the field of nosocomial bloodstream infections. We therefore propose that the interpretation of established result quality indicators (such as primary BSI rates or CLABSI rates) take into account the process quality indicator blood culture sampling rate in order to allow appropriate conclusions to be drawn.
The present study has some limitations. Blood culture rates have been recorded in an aggregated way, so linkage of blood cultures to BSI cases is not possible. Thus, we do not have information on the number of blood cultures collected for an individual patient. If there was heterogeneity in the adherence to existing blood culture sampling guidelines (7, 8) , with some ICUs taking just one blood culture set instead of the recommended 2 to 4 sets for patients suspected of having BSI, this might have resulted in an underestimation of the proposed reference threshold. Moreover, we cannot exclude the possibility that a proportion of reported a P values for the comparison between ICUs below and above the threshold using chi-square tests for categorical variables and Wilcoxon rank-sum tests for continuous variables. b Includes pediatrics (n ϭ 3), neurology (n ϭ 2), cardiology (n ϭ 2), neurosurgery (n ϭ 1), trauma unit (n ϭ 1), burn unit (n ϭ 1), heart surgery (n ϭ 1). c Displayed are medians and interquartile ranges (in brackets). d Short stay patients are defined as having stayed less than 48 h at the ICU before discharge from ICU. e Per 1,000 patient-days at risk.
blood cultures was taken due to conditions other than BSI; however, this mainly affects blood cultures taken for endocarditis, which represents a small patient group compared to sepsis. Secondary BSI cases are not included in KISS, but collected blood culture rates include cultures taken for secondary BSI cases as well. This might have resulted in biased estimates for the threshold, as the proportion of secondary BSI cases might vary considerably among ICUs. We included both catheter-related and catheterunrelated infections in this study as long as they fulfilled CDC criteria. As the two have very different risk factors, this might have resulted in estimates not applicable to either entity alone. However, in the sensitivity analyses, we confirmed that the main results of this study remain unchanged when we restrict the study to catheter-related infections (and CLABSI rates) only. As the present study was based on data collected within a German voluntary network for health care-associated infections in ICUs, the resulting reference threshold might not be generalizable to other countries and health care systems. Moreover, many ICUs in this study used remote microbiological labs, which is specific to the German health care system and might therefore make these results less generalizable to other countries. These ICUs were more likely to have blood culture sampling rates below the proposed threshold, which might be attributable to longer transport times resulting in low blood culture positivity rates and therefore a reduced a priori . This model with two linear segments (representing two different regression equations applied for distinct ranges of blood culture rates) was used to identify the threshold for blood culture rates above which no further increase in rates of detection of bloodstream infections could be observed.
motivation of the respective physicians to take blood cultures (21) . Due to the limited sample size, there is remaining uncertainty regarding the form of association between observed BSI rates and blood culture rates. However, the form of association remained stable when the data set was split into the individual years of 2006 and 2007. For reasons of limited sample size, the proposed threshold could not be identified with high precision. In addition, it is likely that ICUs differ in the way in which patients are selected for blood cultures. Therefore, the percentage of BSI patients identified might vary between settings, although blood culture rates are the same. When the patient mix suggests higher BSI rates, it is likely that the target range for blood culture rates should be higher. Unfortunately, given the limited number of data, we were not able to use stratification in order to estimate institution-specific target ranges. By confirming our study results using CLABSI rates instead of BSI rates as the outcome of interest, we took differing central-line rates into account for the threshold estimation. Nevertheless, future prospective studies are necessary in order to provide reference thresholds stratified by a priori institutional risk factors for BSI, such as central-line rates or level of care.
Conclusion. We provided an empirical justification for the recommended target blood culture rates in ICUs of around 100 blood cultures per 1,000 patient-days. Future studies are necessary to derive target blood culture rates that account for different institutional characteristics.
